The optical linear and nonlinear properties of ∼ 340-nmthick Si membranes were investigated. The investigation included both experiments in which the reflection and transmission from the membranes were measured, and finite differences time domain simulations. The linear optical transmission of the Si membranes can be controlled by changing the thickness of a thermally grown oxide on the membrane. Illumination of the membranes with high levels of irradiation leads to optical modifications that are consistent with the formation of amorphous silicon and dielectric breakdown. When irradiated under conditions where dielectric breakdown occurs, the membranes can be ablated in a well-controlled manner. Laser micro-structuring of the membranes by ablation was carried out to make micrometer-sized holes by focused fs-pulses. Ns-pulses were also used to fabricate arrays of holes by proximity-ablation of a closely-packed pattern of colloidal particles.
Introduction
Nano-structures and nano-devices have at least one cross section smaller or comparable with 100 nm. There is an increasing demand for nano-materials which could be incorporated and integrated into hierarchically larger structures of a sub-millimeter scale. These structures could be used for new applications in the fields of electronics [1, 2] , micro-electro-mechanical systems (MEMS) and their optical counterparts (MOEMS).
A particular type of nano-materials are membranes, which have thicknesses of ∼ 100 nm and lateral dimensions that can be up to 10 4 times larger than their thickness. They serve as molecular sieves [3] and for slab photonic crystals [4, 5] . Recently, such membranes have been used as meshes for X-ray and electron diffraction experiments, for nano-contact and break-junction fabrication, for the investigation of single electron transport [6] , and for opto-mechanical coupling between electromagnetic radiation in an optical cavity [7] where a membrane is potentially applicable for cooling mechanical degrees of freedom. Membranes have also been used for very precise control of separation, ∼ 10 pm, between atomically sharp nano-contacts, where the nano-gap is controlled mechanically via an actuation of the membrane by a piezo-ceramic stylus [9] . Membrane-based break-junctions should be able to operate in a liquid environment. This makes them attractive for MOEMS and microfluidic applications [10] . Membranes can be made out of silicon-on-isolator (SOI) substrates by a simple wet etching procedure [11, 12] . SOI membranes can also be processed to form arbitrary shapes using deep reactive ion etching [12] . Another advantage of thin freestanding Si membranes is that Si is a standard substrate and therefore it is available almost defect and stress-free, with any desired crystalline orientation, and with various dopants.
A current trend in miniaturization is to incorporate silicon nano-/micro-elements such as membranes, waveguides, gratings, and three-dimensional (3D) structures into optomechanical/fluidic/electronic devices. Laser post-processing of micro-chips and optical elements is used to remove, repair, or add new functionality by controlled annealing, ablation, welding/joining and crystallization. These tasks require high laser irradiance. Some optical micro-devices such as 3D lithography masks for polymerization of 3D photonic crystal structures [13] are also subjected to high irradiance, which has been found to affect their performance and compromise their reliability. Hence, the optical, thermal, and mechanical properties of the Si membranes and gratings, their oxidation and degradation need to be investigated to improve applications where high-irradiance or/and ultra-short laser pulses are used.
Here, we report on the optical characterization of ∼ 340-nm-thick Si membranes that are optically transparent. The membranes were tested under conditions that ranged from linear transmission through to conditions where amorphisation and ablation occurred. Micrometer-sized holes were laser fabricated through the membranes by focused pulses as well as by proximity ablation using colloidal microspheres. The membranes can be made optically transparent down to 500 nm wavelength. Therefore they could potentially be used for optical imaging of micro-bio objects in micro-fluidic chips.
Methods and Materials
Samples were fabricated from SOI wafers consisting of 340 ± 5 nm of Si, 400 ± 15 nm of SiO 2 , on a 520 µm substrate of Si (SOITEC, Grenoble) into which we define freestanding singlecrystalline membranes of Si (see Fig. 1(a) ). We use a two step wet etching process on the backside of the wafer by KOH and HF solutions to remove the Si and SiO 2 , respectively [11] . The typical lateral dimensions of the membranes were 0.6 × 0.6 mm 2 and the thickness was 340 nm with only a few nanometers of native oxide on the membranes. Thermal oxidation at a high temperature (∼ 1000 • C) in air [14] was used to grow layers of oxide on the membranes, thereby reducing the Si thickness and modifying their spectral transmission properties. Figure 1(a) shows the geometry of the used samples and an actual optical image of an oxidized membrane. The growth rate of the oxide layers was governed by oxygen diffusion and followed the established linear-parabolic relation with time according to the Deal-Grove model [14, 15] . As such, the growth rate was weakly dependent on the crystalline orientation. The thickness of oxide could be controlled with a precision of ∼ 10 nm. The actual thicknesses of membrane was measured by imaging ellipsometry.
Standard UV-IR (UV 3100PC Shimadzu) and FT-IR (FT/IR-6000TM-M, Jasco) spectrometers were used to measure the transmission and reflection spectra at normal incidence in the visible and the IR regions, respectively. Simulations of the optical properties were carried out using FDTD Solutions (Lumerical, Canada), which is a finite differences time domain (FDTD) software package. Here, we used FDTD to simulate the propagation of plane waves and focused Gaussian beams through the Si membranes at normal incidence. The optical properties of Si and silica were obtained from the database built in to the software package. The simulations (1) and (2) were measured on different membranes. The FDTD calculations were carried out in a plane wave geometry. The experimental FT-IR reflection spectra were normalized to the reflection from gold; the transmission was normalized to that of air. Spectra were measured for an area of 20 × 20 µm 2 . Note, the scales on the x-axes of the graphs are logarithmic in order to better resolve transmission oscillations.
mirrored focusing conditions that were tested experimentally. The experiments to test optical transmission and structural modifications were carried out using a femtosecond laser (Hurricane, Spectra Physics), which delivers 150 fs pulses centered around the wavelength of λ 0 = 800 nm. 2.6 mm. Hence, the entire thickness of the membrane was placed in the same region of irradiance. The peak irradiance was calculated assuming a Gaussian intensity distribution
, where E p and t p are the energy and duration of laser pulse respectively. This setup was used to measure linear and nonlinear transmission of membranes. The incidence angle of a p-polarized beam was set at 1.5 • out of the normal in order to separate the reflected and incident beams and had a minor effect on the measured reflection and transmission.
The power dependencies of the transmitted and reflected energy of femtosecond laser pulses from Si-membrane samples were measured in single-pulse and multi-pulse irradiation modes in order to observe their departure from linear behavior. The transmission and reflection were measured simultaneously for the same laser pulse. In the case of multi-pulse exposure, the same spot of approximately 20 µm in diameter was irradiated by single pulses with increasing energy. For single pulses, the irradiation area was refreshed from shot to shot with simultaneous measurements of transmission and reflection performed with identical photodiodes. Since the measurements were carried out on different membranes the experimental dependencies were normalized to the values obtained at the lowest irradiance where single and multi-pulse measurements yielded the same values. Ablation of the membranes was carried out by two different approaches: by fs-pulses tightly focused with an objective lens of numerical aperture NA = 0.9 and by near-field proximity ablation using colloidal silica microspheres irradiated by 10 ns pulses of Nd:YAG laser at 532 nm wavelength. Structural inspection of the irradiated regions was carried out by optical imaging and by scanning electron microscopy (SEM). Changes in the contrast of the optical images provided evidence for structural changes in the silica, such as the formation of ripples. The existence and nature of the changes was confirmed by SEM inspection.
Results and discussion

Linear optical properties
Thin silicon membranes are transparent even at wavelengths considerably shorter than the fundamental short wavelength of the absorption edge in bulk Si. This absorption edge is defined by the bandgap, E g = 1.11 eV at 300 K, i.e., λ g [µm] = 1.23975 [µm]/E g [eV] 1.12 µm. Hence a thin few-hundreds-of-nanometers silicon film of a high refractive index n Si 3.4 Si strongly modulates the transmission, reflection, and absorption spectra due to interference. In addition, thermal oxidation of the membranes allows tuning the thickness of silicon via formation of an oxide layer [14, 15] . Therefore, thermal oxidation can be used for enhancing or decreasing transmission at the particular wavelength of interest. Figure 1 shows experimental and FDTD simulations of the transmission spectra of an oxidised membrane and an as made Si membrane. The results from the simulations did not differ by more than 5% in terms of the spectral position and intensity of the interference peaks for the plane wave and Gaussian beam. Since the three dimensional (3D) simulations for a Gaussian pulse were lengthy we show here results obtained for the plane wave. The oxidized membrane (a) was highly transmissive at around the wavelength of 800 nm, which was later used for measurements of the nonlinear transmission and structural modification discussed in Sec. 3.2. single-pulse multi-pulse Fig. 3 . The transmission, T , and reflection, R, of a SiO 2 /Si/SiO 2 (120/220/120 nm) membrane in single and multi-pulse exposure regimes. The lines are drawn as eye guides; the shadowed regions mark the irradiance range where strong structural modifications occurred. The multi-pulse data at the smallest irradiance have been normalized to the values measured in the case on single-pulse irradiation. The inset shows a combined optical and SEM image of the multiply irradiated region on a membrane above damage threshold.
The SiO 2 layers on the membrane act as an anti-reflection coating. The thickness of the layers can be controlled by the duration and temperature of the thermal oxidation, thereby enabling control of the spectral transmission through the membrane.
The small differences between the simulations and the experiment are probably caused by slight deviations in the thickness of the membranes used in the experiments from the membrane thicknesses used in the simulations. Hence the differences between the experimentally measured spectra, and the spectra predicted by the simulations do not affect the general observation that the features in the experimental spectra are completely accounted for by the optical properties and thicknesses of the Si-membrane and thermal oxide. Figure 2 shows a simulation of the intensity profile when a Gaussian beam at a wavelength of around 800 nm wavelength is focused onto the membrane for which the transmission spectrum is shown in (Fig. 1(b) ). The light intensity inside the Si-membrane is equal to only about half of the intensity of the incident light. This is because of the interference caused by the oxide layers on the membrane that act as antireflection coatings.
It is worth noting that the spectral regions where the light is not localized inside the silicon but on the surface of silica (Fig. 2) can be used for plasmonic applications when nano-particles of gold, silver, or copper are formed or deposited on such surfaces. Nano-particles can enhance the field by several orders of magnitude at specific locations (corners and gaps) [16, 17] .
Nonlinear optical properties
In the case of multi-pulse exposure, the very same location of membrane was irradiated in a cumulative mode. The strongest changes were observed in reflection, which increased when the irradiance approached levels at which strong structural modifications began to occur. This happened within 1.5 − 2.5 TW/cm 2 irradiance (∼ 0.22 − 0.37 J/cm 2 fluence; see, Fig. 3 ). When the membranes were exposed to single-pulses (each measurement was carried out on a new spot) such changes occurred at an irradiance which was approximately twice as large. In both cases, the reflection gradually increased before it suddenly decreased at large levels of irradiance (Fig. 3) . The maximum of reflectivity corresponded to structural changes recognized optically and by SEM observation. An increase in reflectivity is expected at the pre-breakdown irradiance before ablation and hydrodynamic motion of the surface occur. This is because during these processes, the real part of the dielectric function grows faster than the imaginary part [18] .
In the case of multi-pulse irradiance an accumulation effect was observed, i.e., the change of transmission and reflection depended of the irradiation dose carried out by previous pulses. It is known that the defects and amorphization of Si created by the preceding pulses at a prebreakdown threshold irradiance enhance the generation of free electrons and avalanche ionization [19] . Formation of amorphous silicon (a-Si) was reported for Si irradiated by fs-pulses: 0.18 J/cm 2 at 800 nm [20] . The thickness of a-Si was approximately 42 nm after six laser pulses with no changes in the a ∼ 2 nm thickness of native oxide observed [20] . The increase of reflectivity in multi-pulse exposure case (Fig. 3) is consistent with formation of amorphous Si at the ∼ 0.22 J/cm 2 fluence comparable to the reported 0.18 J/cm 2 value [20] .
Note that the changes in the refractive index and absorption modulation due to the thermal effects should occur on a much longer time scale (0.1-1 ns) than the pulse duration and therefore the pulses should not influence the transmission and reflection in single-shot experiments. However, the fs-pulses have a ns-pedestal with intensity smaller by a factor of ∼ 200 but total energies of the fs and ns pulses are comparable; this is an important feature for the reflection and transmission measurements. The reflectivity increase in the case of single pulse irradiation (Fig. 3) is attributable to the absorption of the ns-pedestal's trailing part on the defects which already had been formed during tens-of-ns after the fs-pulse irradiance.
At irradiance levels higher than those at which dielectric breakdown occurs, the reflection and transmission are determined by scattering and ablation (shadowed regions in Fig. 3 ) as revealed by a post-exposure SEM observation. The dielectric breakdown corresponds to plasma formation and the onset of ablation and its effect was more pronounced in the case of multipulse irradiation. At pulse irradiances of 40-50 TW/cm 2 the membranes were damaged by cracks (inset of Fig. 3 ). The possibility of using high laser irradiance for structural modification of the membranes by ablation is discussed next. (a) (b) Fig. 5 . The near-field intensity distribution of a plane wave E(0, 0, 1) propagating through a 4.3 − µm silica sphere on a 350 nm Si-membrane for E 2 z (a) and E 2 y (b) components; simulations were carried out by a 3D-FDTD algorithm and intensity is plotted on a logscale. The wavelength of the plane wave was 532 nm. The outline of the sphere and the Si-membrane are marked; the contour lines at intensity level E 2 z,y = 1 are also highlighted.
Structural modifications by focused fs-pulses
The membranes appeared optically more transparent after irradiation by an increasing number of fs-laser pulses (see inset of Fig. 3 ). It was confirmed by SEM observation that this was the result of partial ablation of silicon, ripples formation [21, 22] , and thermal oxidation (Fig. 3) . The period of the ripples was approximately Λ = λ 0 /n ox 560 nm, where n ox 1.43 is the refractive index of a silica layer. Ripples can have an aspect ratio close to one [22] ; hence the entire thickness of the silicon membrane could be affected by ripples. The increased transmission after multi-pulse irradiation could result from the formation of ripples which have a height comparable to the membrane and oxide layer thickness. The ripple formation by fs-laser pulses appears as a gradual modification which the membranes apparently withstand. One might wonder whether fs pulses can also be used for drilling small holes into the membranes without fracturing them. Fig. 4 demonstrates that this is indeed possible. Micrometer-sized holes can be ablated through the membranes by exposing them to several femtosecond pulses (Fig. 4) . The rims of the holes are less rugged after 10-20 pulse irradiation and they have the same average size as those made by 5-10 pulses. Slight elongation of the holes in the vertical (along the polarization) direction, as seen in Fig. 4 , is caused by the ellipticity of the pulse as was revealed by knife-edge measurements of the intensity profile.
Structural modifications by a proximity ablation using colloidal particles
An alternative technique for ablating micrometer-sized holes in Si substrates relies on irradiating spherical colloidal particles with short laser pulses and making use of the optical near-field enhancement by the spheres [23] . We tried this method on the Si membranes and found that it worked with both fs and ns laser pulses. As test samples we used monolayers of colloidal 4.3 µm-diameter silica microspheres dispersed over the membrane surface and irradiated by nanosecond laser pulses at a wavelength of 532 nm. The expected field enhancement at the sphere-membrane contact point was calculated by 3D-FDTD and is shown in Fig. 5 . The enhancement of intensity for the incident polarization, E z = 1, was approximately 200 times. The vertical (to the membrane) E-field, which was absent in the incident light was approxi- mately E y 10 2 just at the microsphere-membrane interface due to the light focusing by a micro-sphere. The vertical to the surface E-field component is efficient in ablation and material removal, also, it does not excite surface electromagnetic wave and can be used for fine structuring of surfaces [24] . Membrane structures obtained by irradiating such samples are shown in Fig. 6 . In this case a single ns laser pulse at a wavelength of 532 nm was used as a light source. In the region of the sample where the laser intensity was barely above the ablation threshold, pits formed at the sphere-membrane contact, with some depth distribution due to the poly-dispersity of the microspheres which gives rise to some scatter in the near-field intensity (Fig. 6(a) ). However, well above the threshold, well-defined holes through the membrane were generated (Fig. 6(b) ).
Conclusions
We optically characterized silicon membranes prepared by wet etching and subsequent controlled thermal oxidation. Such membranes can be made transparent in the visible and IR spectral regions. Fabrication of through holes of 1-3 µm in diameter in membrane is possible by tightly focused fs-laser pulses or by proximity ablation using colloidal microspheres.
The abrupt optical transmission and reflection changes caused by multi and single pulse irradiation (after a 0.22 -0.37 J/cm 2 ramp for multi pulses and about double that for single pulses) correspond to the dielectric breakdown of silicon. The dielectric breakdown threshold measured for membranes was approximately 1.22 times larger than the known threshold for amorphous silicon formation, which occurs at 0.18 J/cm 2 in the case of multi-pulse irradiation.
Ablation of through-holes by uniform illumination of a large area of microspheres can be used to structure the membranes at an irradiance much lower than the threshold of ablation for the bare membrane. In our current experiments, the smallest ablated through-hole was approximately 1 µm in diameter for the 340-nm-thick membrane studied here. However, it should be possible to generate even smaller holes in thinner membranes.
Since the membranes are optically transparent, they could be used in laser tweezing and micro-fluidic applications [10] . The optical transmission of the membranes can be spectrally modified by changing the corresponding thickness of silicon and the oxide as well as by thermally induced expansion. Surface and bulk modifications of materials by femtosecond laser pulse can be used to make holes, bumps of molten surface, or micro-channels [25, 26] for integrated MOEMS applications. The membranes can withstand reversible strains even large than 1%; e.g., deflections of more than 40 µm for a 600 µm-wide membrane were observed [9] leading to an estimation for the maximum elastic strain of about 5% and a maximum force of 
